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Many of the challenges associated with the design of semiconductor laser diodes become more severe at longer wavelengths. These include a reduced carrier lifetime associated with the Auger recombination process, which ͑quali-tatively͒ depends exponentially on the emission wavelength, and the difficulty of confining the larger optical mode within an epilayer of reasonable thickness. At this time there are two principal types of semiconductor laser diodes that operate in the long-wavelength infrared ͑LWIR, ϳ8 -12 m): lead-salt lasers 1 and quantum cascade intersubband lasers 2, 3 based on the InP material system. In contrast, in the midwavelength infrared ͑MWIR, ϳ2 -5 m) there are several types of traditional ͑noncascade͒ III-V semiconductor lasers. Of the material systems these lasers are based on, only the InAs/GaInSb material system 4,5 can in principle produce an 8-12 m laser. The longest-wavelength laser 6 demonstrated to date, however, emits at 5.2 m at 185 K.
It has been argued recently that thin (ϳ200-400 Å) noncascade active regions in the MWIR based on the InAs/ GaInSb material system could generate sufficient gain for lasing, so long as they were embedded in a separate confinement region ͑SCR͒. 7 This argument was based on direct calculations of a figure of merit of the active region that, for a given cavity design, determines the threshold current density: the net material gain per unit volumetric current. 8 This letter extends the consideration of such structures to the long-wavelength infrared, and also generalizes the figure of merit so that active regions based on intersubband transitions, which have typically formed the heart of quantum cascade lasers, may be compared directly with active regions based on interband transitions, which are commonly used in noncascade lasers. The basis for comparison is evaluating which system will require the lowest input electrical power to generate a given output optical power. This is thus a more general comparison than that of Ref. 9. We are led to consider a new figure of merit: the net material gain per unit volumetric power dissipation in the active region. To justify this we consider the input power density ( P i /A) in the device to come from an active region term, a series voltage term, and a series resistance term
where I is the areal current density, V AR is the voltage across the active region, V s is the series voltage and s is the series resistivity. We note that the series resistance and voltage terms for either interband 10 or intersubband lasers can in principle be reduced to an insignificant level relative to the active region term by improving the properties of the material system, or if that has reached a mature limit, by cascading.
We will therefore focus on guidelines for choosing an active region which is as efficient as possible at generating light for a given input power density to the active region ( P AR /A)ϭIV AR . The dependence of the active region power on the net material gain per unit volumetric power dissipation density can be seen by writing P AR for a given optical output power ( P o ) as
Here A is the area ͑length times width͒ of the laser stripe, ␥ is the material gain, ␣ m is the mirror loss, ͗␣ w ͘ is the nonactive region modal loss in the waveguide ͑e.g., free carrier absorption in the doped clads͒, ␣ a is the material loss in the active region, i is the injection efficiency, D mode is the width of the optical mode, e is the electron charge, and h is the emitted photon energy. The net gain ͓(␥Ϫ␣ a )/P͔ to volumetric power dissipation density ( PϭJV o , where J is the volumetric recombination current density in the active region͒, is the only active region material parameter to appear in the first term of Eq. ͑2͒. The remaining parameters are related to the optical cavity and efficiency of electrical injection. When ͓(␥ Ϫ␣ a )/P͔ is maximized the threshold power is minimized. The net material gain to volumetric power appropriately weighs the importance to laser performance of the density of states, recombination rates, differential gain, and intersubband absorption within the active region. The difference between thickening a noncascade active region ͑or the individual stages of a cascade laser͒ and adding stages to a cascade laser is how I and V AR change. Increasing the number of stages increases the voltage drop across the entire structure but not the current through it. In contrast, an increase in the thickness of a noncascade active region ͑or the individual stages of a cascade͒ increases the current through the structure but leaves the voltage drop unchanged. Both methods of increasing the thickness of the active region will linearly increase the dissipated power and also linearly increase the modal gain. Thus the ratio of gain to power dissipation density is an intensive quantity associated with all active regions, whether they are cascades or not.
The second term in Eq. ͑2͒ describes the power slope efficiency of the structure. The only active region parameter appearing here is (␥Ϫ␣ a )/␥. The power slope efficiency of the laser, unlike the current slope efficiency, is independent of the number of stages in a cascade. As will be noted below, this conclusion must be modified if the series resistance term dominates in Eq. ͑1͒. Table I summarizes our results for several active regions. For LWIR interband active regions based on the InAs/ GaInSb system we consider ͑I͒ an InAs/GaInSb superlattice and ͑II͒ an 11-layer structure further refined to balance the band-edge densities of states, reduce intersubband absorption, and reduce Auger recombination. The 300 K figure of merit for the simple interband system I is comparable to that of the best 11 m intersubband laser, system III, and exceeds that of system IV. At 300 K the calculated values for system II exceed by over an order of magnitude the current performance of LWIR intersubband active regions ͑systems III and IV͒. Two MWIR results are presented in Table I : system V is a 3.4 m interband structure 11 whose 300 K figure of merit exceeds that of the 3.6 m intersubband structure, 12 system VI, by over two orders of magnitude. At 77 K the performance of the interband devices improves dramatically, whereas the intersubband devices perform comparably to how they performed at 300 K. We emphasize these figures of merit are independent of the number of stages in a cascade. It is important to acknowledge, however, that aspects of device performance not considered here, such as vertical transport and thermal conductivity, could affect the relative performance of these active regions in actual devices. Also shown in Table I are the threshold input power densities for these systems based on cavity properties obtained from waveguiding calculations for typical designs in this wavelength range ͑several groups have achieved better cavity properties than these in this wavelength range͒. Finally the value of (␥ Ϫ␣ a )/␥ at the optimum carrier density for the threshold figure of merit is shown at 300 K for the interband active regions. When operated at these carrier densities the material losses of these active regions are overwhelmed by the large material gains.
We now describe our calculations of the net material gain to volumetric power ratio, ͓(␥Ϫ␣ a )/P͔, as a function of gain, first for intersubband structures and then for interband structures. The gain region of an intersubband laser can be modeled as a three-level laser in steady state. The principal characteristics of this system are 21 ϭez 21 , the dipole matrix element between the upper lasing state ͑2͒ and the lower lasing state ͑1͒, 1 and 2 , which are the total lifetimes of the two states, and 21 , which is the scattering time from state 2 to state 1. These quantities are available from Refs. 2, where I s is the saturation intensity, g is the half width at half maximum ͑HWHM͒ of the gain linewidth, n is the index of refraction, I is the light-field intensity, h is Planck's constant, is the frequency of the light and c is its speed in vacuum. For an intersubband laser RϭJ/e, where J is the volumetric current density. Assuming that the optical loss in the active region is negligible and that the operating intensity is small compared to the saturation intensity
For interband structures calculations of the net gain and the carrier recombination rate are performed with the full nonparabolic band structure and momentum-dependent matrix elements obtained from a 14-band bulk basis superlattice K•p formalism, where the problem is solved in momentum space in a way similar to Ref. 14 for an eight-band model. Input parameters 15 to the calculation are limited to energy levels and matrix elements of bulk constituents, and the valence band offsets between layers. Results from such calculations have been in good agreement with experiment for optical properties 16 and Auger rates 17 in related type-II multilayer structures.
The figure of merit as a function of net material gain for systems II and III at 300 K is shown in Fig. 1 . Note that the intersubband structure, system III, has a distinctly different shape than that of the interband structure, due to the linear dependence of the gain on the upper lasing state density and the assumed density-independent state-to-state scattering lifetimes. This contrasts with the interband structures where a minimum carrier density is required to achieve gain. The figure of merit for the intersubband structure should decrease at high gain due to an increase in 21 from electron-electron scattering. 18 We conclude with some brief comments on cascade versus noncascade designs. The ''quantum defect'' h/eV o is likely greater for noncascade than cascade structures. However, as we have defined it above, leakage of a carrier through even a single stage of a multistage cascade structure would reduce the injection efficiency for the device i , so i is likely to be greater for noncascade than cascade lasers. As a final point, the loss of input power associated with series resistance is quadratic rather than linear in the input current density, so if series resistance is significant, the power slope efficiency of noncascade structures may be reduced substantially relative to cascade structures. As an example, for a device with 0.1 mm 2 area and 0.25 ⍀ series resistance, the calculated wall plug efficiency of a 25-stage active region based on structure III exceeds that of a noncascade design of structure II for output powers greater than 100 mW at 300 K. The wall plug efficiency of a 25-stage design of structure II will, however, always exceed that of a 25-stage design of structure III.
